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35Introduction
In recent years, advanced chemical synthesis and mass spectrome-
try have become enabling tools for matter-wave experiments with
complex molecules, and quantum interferometry was able to
provide new insights into molecular properties, structure or
dynamics.[1,2] The partnership between these disciplines has re-
cently led to the development of newmatter-wave interferometers.
In particular, a Kapitza–Dirac–Talbot–Lau interferometer was
successfully used for demonstrating the quantum wave nature of
entire macromolecules with masses in excess of m=10 000Da.[3]
Complementary to that, a matter-wave interferometer with three
pulsed laser light gratings (OTIMA) was established to visualize
quantum delocalization even of clusters ofmolecules, for de Broglie
wavelengths as small as λdB≃200 fm.
[4] Both devices were built to ex-
plore the limits of quantum physics in the regime of high masses[2]
and to enable newmeasurements on neutral nanoparticles.[2,5–8] Here,
we focus on new experiments with fluoroalkylsulfanyl-functionalized
oligoporphyrins, two molecular libraries based on two cores of differ-
ent aromaticity. We study their structural stability under laser desorp-
tion and photoionization up to masses around 25000Da.
Several methods have been developed to launch massive and
fragilemolecules: electrospray ionization[9] (ESI) andmatrix-assisted
laser desorption ionization[10] (MALDI) are soft-volatization tech-
niques for particles up to the MDa mass range.[11] However, ESI
produces mainly highly charged ions and is initially accompanied
by a dense carrier gas. In contrast to that, MALDI is typically oper-
ated under high vacuum, and the molecules are released carrying
none or only a few charges.[12] MALDI often uses an organic matrix,
such as dihydroxybenzoic acid, to enhance absorption of the
desorbing UV laser and to assist in charging the analytes. Moreover,
without the acid matrix environment, proton exchange in the
sample is reduced. We exploit this to generate neutral molecules.
The analyte itself can act as its ownmatrix if it is sufficiently absorp-
tive and photostable. The resulting beam velocities can be smallerJ. Mass Spectrom. 2015, 50, 235–239 © 2015 Theby an order of magnitude than in commonMALDI studies.[13,14]The
The desorption of neutral molecules can be monitored by post-
ionization mass spectrometry. In earlier studies, photoionization
of organic molecules was typically limited to particles below
2000Da.[15–17] Large clusters of guanine, tryptophan and gramici-
din could still be observed using single-photon ionization[18,19] –
with masses up to 7000Da.
Molecules can also be tailored to facilitate volatilization and pho-
toionization. The covalent tagging of biomolecules with ionizable
chromophores has already been implemented before,[20–24] and
also the functionalization of a chromophore monomer with long
fluoroalkylsulfanyl chains[25,26] was successful. Here, we extend this
concept by exploring different molecular oligomers in the attempt
to enhance the molecular stability at even higher mass.
Functionalization of two oligoporphyrins
Applications in quantum interferometry will profit from amolecular
library, i.e. a molecular ensemble with well-defined mass
separation.[3,4] At a fixed molecular beam velocity, mass variationAuthors. Journal of Mass Spectrometry published by John Wiley & Sons Ltd.
Figure 1. Molecular library 1 (a) consists of four porphyrin systems with a central metal atom (Zn). They are linked via a tetraphenylmethane unit, which
breaks the conjugation between the porphyrins. The most abundant molecule has n= 17 chains and a mass of 11 676Da. Library 2 (b) is based on a
metal-free porphyrin pentamer that is fully conjugated in the core. The most abundant molecule has n= 40 chains and a mass of 22 152 Da.
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36implies a controlled tuning of de Broglie wavelengths (λdB=h/mv).
We compare twomolecular libraries[27] as shown in Fig. 1: a tetrahe-
dral arrangement of four zinc-coordinated porphyrins arranged
around one tetraphenylmethane core and a planar pentaporphyrin.
The pentaporphyrin is expected to reduce its ionization energy, and
the steric configuration is supposed to facilitate the escape of
ejected electrons upon ionization. Both oligomers are functional-
ized by different numbers of fluoroalkylsulfanyl chains to boost
the molecular mass while keeping the electronic polarizability
low. The ionization energy of each porphyrin is smaller than
7 eV.[28] The central oligomer therefore increases both the number
of functional anchor points and the photoionization cross section
for vacuum ultraviolet (VUV) light.[29]
Experimental design
In order to assess the VUV photoionization properties of library 1
and 2, we devised an experiment as shown in Fig. 2. We dissolveFigure 2. Experimental scheme for short-pulse laser desorption and post-i
wy= 0.8mm) releases a molecular plume that expands into the ion extractio
molecules and ionizes them. The cations are detected using time-of-flight mass
wileyonlinelibrary.com/journal/jms © 2015 The Authors. Jou
published by John2.5mg of library 1 in 1.5ml of pure diethyl ether or 7.5mg of library
2 in 1.5ml pure tert-butyl methyl ether. Droplets of this solution
without any matrix are deposited on a clean stainless steel plate
and dried in air. The N2 laser beam (E=90μJ, τ =3ns) is focused
onto the sample plate under an angle of 30°. During desorption,
the sample plate is laterally shifted to ensure that each laser shot
hits a fresh sample spot.
The neutral molecular beam is ionized by the VUV light of an F2
excimer laser beam (λ=157.6 nm, τ =8ns, E< 1.4mJ), focussed into
a rectangular shape of 8± 1mm2. The ions are detected by a linear
time-of-flight mass spectrometer (Kaesdorf, m/Δm≈ 100) in Wiley
McLaren[30] configuration.Mass spectra
Figure 3 shows the post-ionizationmass spectra of the two libraries.
Each scan was averaged over 30 laser shots. The desorption energyonization. The focused 337-nm beam of an N2 laser (waist wx= 1.5mm,
n region. A 157-nm laser beam (39mm further above) intersects with the
spectrometry (TOF-MS).
rnal of Mass Spectrometry
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Figure 3. Mass spectrum of the post-ionized molecular library 1 (a) and library 2 (b). The excimer laser was set to 1.4mJ/pulse, and the delay to the
desorption pulse was set to the maximum of the velocity distribution of the neutral molecules. In panel (a), the most significant peak at n= 17
corresponds to a mass of 11 676Da. In panel (b), the maximum at n= 40 corresponds to 22 152 Da. Distinct peaks are still observed beyond 25 kDa.
Stability of high-mass molecular librarieswas identical for both spectra. The spectrum of molecular library 1
consists of eight well-resolved peaks (Fig. 3(a)), each representing a
different number n of fluoroalkylsulfanyl chains, where n varies by
3–4 around the most probable value n=17. A molecule with 21
chains corresponds to a mass of 13 492Da. The mass difference
between neighbouring peaks is 450±10Da, resulting from the
nominal mass of a single chain (479Da) minus the fluorine atom
that is substituted in order to attach the chain. The characteristic
abundance of all peaks in this mass spectrum agrees well with
MALDI spectra.
The post-ionization mass spectrum also shows a distribution of
low masses, the most prominent one denoted by C1 to C10. The
mass difference between neighbouring peaks of 457±18Da
corresponds to the molecular weight of a single chain. This signal
is attributed to the clustering of fluoroalkylsulfanyl chains in the
expanding plume. The C1 chain is abundant during synthesis and
was not eliminated.
The result of a similar experiment with library 2 is shown in
Fig. 3(b). While low-mass fragments also exist here, we have only
zoomed into the high-mass spectrum to better resolve its struc-
ture. The number of chains varies from 34 to 45, with small
peaks up to around n=50. Individual peaks can still be clearly
resolved up to 25000Da. The characteristic distribution after laser
desorption/photoionization is similar to MALDI measurements im-
mediately after synthesis.Figure 4. Time-of-flight distributions of some elements of library 1 (a) and libra
are seen as a precursor peak for flight times up to 200μs. The continuous lines ar
the n= 40 element of library 2. The signal drops by 50% at v ≃ 20m/s.
J. Mass Spectrom. 2015, 50, 235–239 © 2015 The Authors. Journal
published by John WilSlow neutral beams of high-mass molecules
Slow molecules are essential for many experiments, such as beam
deflection[31,32] or advanced matter-wave studies. Because state-
of-the-art interferometers are capable of operating with de Broglie
wavelengths down to λdB= 200 fm, we are aiming for neutral
particle beams with a momentum of less than 25 000Da×40m/s.
Here, we measure the molecular velocity distribution by varying
the delay time between the desorbing and the ionizing laser pulse.
Figure 4 shows data for the molecular libraries 1 and 2. For a
velocity analysis, we select three of themost prominentmass peaks
of Fig. 3. Our data show a bimodal velocity distribution: the fast
component, best fitted by a Maxwell–Boltzmann distribution
(dashed lines), is attributed to ions that are created in the source.
The slow component (solid lines) represents neutral molecules that
can only be detected if the VUV laser is on.
For library 1, the neutral part of the distribution is best fitted with
a Gaussian distribution centred at around v≃ 90m/s. There is still a
substantial signal at 40m/s (Fig. 4(a)). Library elements of higher
mass arrive with slightly lower speed. The slow fraction of library
2 (Fig. 4(b)) is centred at around v=45m/s extending to velocities
around 20m/s for the most abundant mass peak. The functional-
ized pentaporphyrins are thus considerably more massive and sub-
stantially slower than similar macromolecular beams in earlier
experiments.[33,34]ry 2 (b). A delay time of 1ms corresponds to a velocity of 39m/s. Direct ions
e Gaussian fits to the data. We find amost probable velocity of 45 ± 2m/s for
of Mass Spectrometry




Figure 5. Evolution of the mass peaks in library 1 (a) and library 2 (b) as a function of the waiting time between laser desorption and post-ionization (all
parameters as in Fig. 2): n= 16, n= 36 (black squares), n= 19, n= 38 (red circles), n= 20, n= 42 (blue triangles), n= 21 and n= 44 (pink inverted triangles).
All mass peaks are normalized to the signal of the most abundant mass (n= 17 in library 1, n= 40 in library 2).
Figure 6. Photoionization signal versus laser energy of library 1 (a) and library 2 (b). The distinct symbols describe different numbers of fluoroalkylsulfanyl
chains attached to the porphyrin core. The lines are drawn to guide the eye.[38] The signals were taken for a delay of 400 (library 1) and 800μs (library 2)
between desorption and ionization laser pulse.
U. Sezer et al.
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The mass spectra and velocity curves of Figs 3 and 4 prove already
the feasibility of neutral laser desorption and VUV photoionization
of even the most massive elements of both libraries. Here, we are
additionally interested in the stability of these compounds under
thermal load and VUV exposure.
Even though the measured velocities are low on an absolute
scale in molecular beam physics, the most probable kinetic energy
of the 22 000 Da particle at 45m/s corresponds to 0.24 eV. If the
molecular beam were thermal, the corresponding temperature of
about 2700 K would certainly disintegrate all particles. However,
Fig. 4 indicates already that the desorption is not purely thermal.
In Fig. 5, we search for indications of thermal fragmentation be-
tween desorption and detection, by analyzing the evolution of
the molecular mass ratios in library 1 and library 2 as a function
of the post-desorption time. All peak heights are normalized to
the most prominent mass peak at n=17 (library 1) and n=40
(library 2). The absence of any significant deviation over time
suggests that library 1 is stable over its transit time to the detector.
The same is true for library 2, in spite of its double number of chains.
Even if there was some fragmentation in free flight – which we do
not see in Fig. 5 – matter-wave interferometry provides a way to
distinguish fragmentation in the source from dissociation in the
detector, as has been recently demonstrated.[5]
Figure 6 shows the signals of selected library members as a
function of the ionizing laser energy. In both cases, the ion yield
increases with growing pulse energy up to a saturation point. Thiswileyonlinelibrary.com/journal/jms © 2015 The Authors. Jou
published by Johncorroborates the design assumption that the VUV ionization cross
section of these molecules can be made sufficiently large by
starting from an oligoporphyrin. The signal decrease with higher
energy (library 1) is attributed to photoinduced fragmentation.
Interestingly, this is not observed for library 2, because it has a
larger number of fluoroalkylsulfanyl chains and more relaxation
channels.[35] Thus, it is expected that the excess energy is dissipated
to more constituents.[36,37]Conclusions
We have studied the volatilization and post-ionization properties of
two new molecular libraries with different core conjugation but
similar chains. Both can be efficiently launched at low velocities
and photoionized at a laser wavelength of 157nm even at masses
up to 25 000 Da. For the most abundant library element, we
still find a substantial signal of neutral particles with velocities
v< 45m/s. This matches the initial de Broglie wave require-
ment λdB ≥ 200 fm. Fluoroalkylsulfanyl-functionalized por-
phyrins therefore fulfil important expectations for future
matter-wave studies. The synthesis of such compounds is
demanding, but the concept of fluoroalkylsulfanyl-functionalized
particles has certainly not yet reached its limits. It will be
intriguing to explore ways to launch and detect neutral
mass-specified particles even more complex than those
presented here.rnal of Mass Spectrometry
Wiley & Sons Ltd.
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